Neutrinos give a novel probe to explore deep interior of astrophysical objects, which otherwise is not accessible with optical observations; among notable examples are solar and supernova neutrinos. We show that there is a new class of strong neutrino emission from helium burning, 14 N + α → 18 F + γ followed by beta decay 18 F → 18 O + e + + ν e , that gives a maximum neutrino luminosity of 10 8 times the solar bolometric luminosity at the helium-core flash of a 1 M ⊙ star, whereas the flash is not observable by optical means. This means that the neutrino flux, of average energy of 0.382 MeV, will be 10% the solar CNO neutrino flux on Earth if the star is located at 10pc. Subject headings: stars: evolution -neutrinos
PRELIMINARIES
Low mass stars (M < 2M ⊙ ) are known to develop a degenerate helium core during their evolution along the Red Giant Branch (see for instance Sweigart & Gross 1978) . The core is fed by the surrounding hydrogenburning shell that slowly moves outwards in mass as hydrogen burning proceeds through the CNO bi-cycle. The helium mass fraction in the hydrogen-depleted core is Y = 1 − Z, where Z is the total heavy element mass fraction (note that Z does not change during hydrogen burning). As a result of the CNO burning, Z is composed by approximately 70% of 14 N. When the mass of the degenerate core reaches about 0.47M ⊙ , the temperature rises up to 10 8 K and helium ignites. At the moment of helium ignition, the total number of 14 N nuclei in the core is n( 14 N) ≈ 5.3 × 10 53 (M c /0.47) (Z/0.019), where M c is the core mass in solar mass units. At this temperature destruction of 14 N during helium burning (independently of the stellar mass) occurs through the reaction 14 N+α → 18 F+γ followed by beta decay 18 F → 18 O + e + + ν e . The maximum energy of these neutrinos is 0.633 MeV, while the average energy 0.382 MeV. This implies that were all the 14 N burned as described above, a total energy ǫ ν ≈ 3.2 × 10 47 (M c /0.47) (Z/0.019) erg would be carried away from the star by neutrinos. The importance of this neutrino emission contrasts with the folklore that neutrino emission from nuclear reactions is not important during the helium burning phase. It is the purpose of this work to show, using stellar evolution calculations, that most of this energy is actually released in the very short time-scale that characterizes the heliumcore flash and that the neutrino flux reaches values as high as 6 × 10 47 s −1 .
THE HELIUM-CORE FLASH
Evolution of low-mass stars has been a subject of research for many years (Sweigart & Gross 1978; Schwarzschild & Härm 1962; Salaris, Cassisi & Weiss 2002 ). Here we focus in the helium-core flash phase and mention previous evolutionary stages only if relevant to the main purpose of this work. Calculations were carried out with the LPCODE stellar evolution code (Althaus et al. 2003) , that has been updated with an extended nuclear network including 33 nuclear species and 99 reactions. Mixing in convective regions is treated as a diffusive process and solved simultaneously with nuclear burning (Althaus et al. 2003 for numerical details). In particular, we have followed the evolution of a 1 M ⊙ stellar model of initial solar composition Y = 0.275, Z = 0.019 from the pre-main sequence stage to the tip of the Red Giant Branch and then through the helium-core flash.
Let us first briefly discuss the evolution of the model through the helium-core flash. At the time of helium ignition, our model has a 0.476 M ⊙ helium core and the maximum temperature, 10 8 K, is located off-center at M max = 0.23M ⊙ as a result of enhanced thermal neutrino cooling (plasmon decay) in the regions closer to the center. At M max the density is ρ max = 3.2 × 10 5 g cm −3 and the degeneracy parameter (Kippenhahn & Weigert 1990, Sect. 15.4 ) is ψ = 8.5. The core is supported by electronic degeneracy pressure, and thus temperature is decoupled from pressure. The helium flash proceeds through the triple alpha (3α) reaction, that has a Maxwellian averaged rate N 2 A σv 3α very strongly dependent on temperature: N 2 A σv 3α ∝ T 40,...,20 for T = 1, ..., 2.5 × 10 8 K. This implies that a small increase in temperature results in an enormous increase in the burning rate, and because the structure of the star cannot respond to an increase in T by expanding and cooling, a thermonuclear runaway, the helium-core flash, quickly follows helium ignition.
Time evolution during the helium-core flash of some important quatities is shown in Fig. 1 . The top panel presents the time evolution of helium burning luminosity L He . In just a few years, L He grows from being a negligible energy source in the star to overcome the luminosity of the star (L bol ) by almost seven orders of magnitude. However, as shown in the plot, the helium flash does not show up in L bol , which actually decreases as the hydrogen burning luminosity (L H ) drops abruptly when the layers surrounding the core expand and cool. To illustrate the conditions under which the flash starts and evolves, the middle and lower panels in Fig. 1 show the temperature and density at M max . The lower panel, in particular, makes evident that the flash effectively removes the degeneracy in the burning region. A series of sucessive flashes of at least five orders of magnitude smaller in intensity follow the main event just described, each occuring closer to the center until a non-degenerate helium-burning core is established. The energy released by helium burning during the helium-flash is used to lift up the stellar core from its potential well.
NEUTRINOS FROM THE NITROGEN FLASH
We now focus on the production of nuclear neutrinos during the helium-core flash. As mentioned before, 14 N is, by far, the second main consituent of the helium core at the time of helium flash ignition. The Maxwellian averaged rate of the 14 N + α → 18 F + γ reaction, N A σv 14 (N A is the Avogadro number), is between 3 and 5 orders of magnitude larger than that of the 3α reaction in the temperature range characteristic of the helium flash (Angulo et al. 1999 ) and its dependence on temperature is extremely high: N A σv 14 ∝ T 45,...,21 in the range T = 1, ..., 2.5 × 10 8 K (the 3α reaction is still faster and dominates the energetics of the flash mainly because the effective rate is proportional to ρ 2 while 14 N + α is proportional only to ρ). The linear dependence on ρ delays the activation of the 14 N + α reaction with respect to he- The evolution of the nuclear neutrinos luminosity (Lν ) very close to the flash peak (τ = 0). Note that nuclear neutrinos during the evolutionary phase shown here are solely created in the beta decay 18 F → +e + + νe that follows the α-capture 14 N + α → 18 F + γ. Vertical lines, labeled A, B, C, D and E denote five chosen epochs for which the internal abundance profile of 14 N in mass fraction is shown in the lower panel. Initially (A) 14 N is barely depleted. The temperature dependence of the reaction 14 N(α, γ) 18 F is even larger than that of the 3α reaction and when 14 N(α, γ) 18 F becomes fully active it produces a burst of neutrinos that lasts for less than 4 days (B-C) during which the neutrino luminosity of the star reaches a maximum value of about 10 8 L ⊙ (this is about a 5% percent of the total luminosity of nuclear neutrinos of the Milky Way). 50% of the available 14 N in the burning region is burnt in this time interval. Strong 14 N burning continues (D) but removal of degeneracy and subsequent expansion and cooling of the burning layers quickly follow and set a much slower pace for 14 N depletion (E). The step-like shape of the profiles denotes the presence of convection, that keeps the shell with an almost homogeneous composition even when nuclear burning is actually occuring only in the 0.23 − 0.27M ⊙ region. In passing by, we note that the shape of the 14 N profile in the inner 0.2M ⊙ reflects the increasing temperature of hydrogen-shell burning with increasing core size during previous evolutionary stages.
lium ignition, but the extreme temperature dependence leads to a very steep increase in the rate as temperature rises. The 14 N half-life for α-captures decreases from 10 15 s when helium ignites at T = 10 8 K to 1.7 × 10 4 s at T = 2.25 × 10 8 K, the maximum temperature reached in the flash. We call this the "Nitrogen Flash", which is a term coined by Iben (1967) in a pioneering work on helium-flash calculations where the 14 N + α reaction was thought to halt the evolution along the Red Giant Branch and lead to ignition of the helium-flash.
The complete chain for 14 N burning is 14 N + α → 18 F + γ followed by beta decay 18 F → 18 O + e + + ν e , where the neutrinos are produced with a maximum energy of 0.633 MeV. The beta decay half-life of 18 F is only 6.6 × 10 3 s, shorter than the half-life of 14 N for α-captures. Other destruction channels of 18 F are at most two orders of magnitude slower than the beta decay and do not play any significant role in the 18 F nucleosynthesis (in particular 18 F(n, α) 15 N dominates among these channels when a small mass fraction of neutrons of about 10 −19 builds up transiently at the base of the burning shell). This has the consequence that the neutrino production rate basically follows that of 14 N destruction. In the upper panel of Fig. 2 we show the time evolution of the nuclear neutrino luminosity produced by 18 F decay. Note the very short time-scale that dominates its evolution, more than 4 orders of magnitude increase in only 0.2 years. The maximum luminosity is about 10 8 L ⊙ = 3.8 × 10 41 erg s −1 and the resulting number flux of neutrinos at the peak is about 6 × 10 47 s −1 . We have shown five epochs of the internal distribution of the 14 N mass fraction in the lower panel of Fig. 2 in order to illustrate how 14 N depletion and, accordingly, neutrino production proceeds.
14 N in the shell of M = 0.23 to 0.475 M ⊙ is destroyed nearly entirely within 1 yr. Indeed, 2.65 × 10 −3 M ⊙ of 14 N, which is 50% of 14 N produced in the previous CNO burning is depleted in this short time. The nuclear neutrino energy emitted in nitrogen flash amounts to 0.05% the value emitted in the entire life of the star.
18 O produced in the beta decay is eventually all consumed to produce 22 Ne by further α-captures, which has a reaction rate comparable to the 14 N+α reaction, and therefore it entirely disappears in the core of white dwarfs. The only in-principle visible event that signatures helium flash are the burst neutrinos.
Does the neutrino burst luminosity depend on the mass or composition of the star? We have performed additional calculations for different masses (0.90, 1.1, 1.2 M ⊙ ) and compositions (Z = 0.015 and 0.23) and found basically no dependence. There are two obvious cases that give less intense flashes: when the stellar mass increases and helium ignition occurs in less degenerate conditions; a low metallicity, e.g. Z = 0.001, because much less fuel is available.
CONCLUDING REMARKS
Neutrinos from the Nitrogen Flash carry precious information about the degenerate conditions under which the helium-core flash is believed to occur. They may be the only direct manifestation we can ever detect of such an event, that does not manifest itself in the stellar surface. The neutrino flux expected at the flash is 5.3 × 10 7 (d/10pc) −2 cm −2 s −1 at maximum (for a star located d pc away), which lasts for 3 days. This is about 10% of the CNO neutrino flux from the Sun.
We are not optimistic about the detection of these burst neutrinos, not only because this is a rare event, but also because solar neutrinos will give a serious background. A very large volume detector with the capability of energy resolution with the threshold set just above the maximum energy of p-p neutrinos is needed. To give an idea, in a 1000 ton hydrocarbon scintillator, we expect for a helium flash at 10 pc 10 events for 3 days, which is to be compared to 80 events from solar CNO neutrinos for the neutrino energy window of 0.42 to 0.63 Mev (here neutrino oscillation is ignored). In practice, we also expect a background from solar 7 Be neutrinos for electron scattering.
